ABSTRACT
Immune system functions require blood leukocytes to continuously traffic throughout the body and repeatedly cross endothelial barriers (i.e., diapedese) as they enter (intravasation) and exit (extravasation) the circulation. The earliest studies to directly characterize diapedesis in vivo suggested co-existence of two distinct migratory pathways: between (para-cellular) and through (trans-cellular) individual endothelial cells. However, in the absence of conclusive in vitro observations, the latter pathway remained poorly accepted. The recent emergence of unambiguous in vitro reports of trans-cellular diapedesis has begun to illuminate mechanisms for this pathway and has renewed interest in its physiological roles. A thorough reevaluation of the existing literature reveals a large number of studies documenting significant use of the transcellular pathway in diverse in vivo settings. These include constitutive trafficking in bone marrow and lymphoid organs as well as upregulated extravasation in peripheral tissues during inflammation. Here we collectively summarize these in vivo observations alongside the emerging in vitro data in order to provide a framework for understanding the settings, mechanisms and roles for the trans-cellular route of diapedesis.
INTRODUCTION
In order to perform their immune functions of patrolling for and eliminating pathogens, leukocytes (i.e., lymphocytes and innate immune cells such as neutrophils, monocytes, macrophages and dendritic cells) must continually traffic throughout all compartments of the body (1) . The vascular circulation and lymphatic system serve as the main conduits for leukocyte movement. These systems are lined by monolayers of endothelial cells that serve as the principal barrier between the vascular/lymphatic circulation and the underlying tissues. Thus, trafficking of leukocytes requires their repeated crossing of endothelium (i.e., diapedesis) as they enter (intravasation) and exit (extravasation) the circulation. It is recognized that this process represents a critical and rate-limiting component of both constitutive and inflammation-specific trafficking and in this way is an important therapeutic target for immunemediated and inflammatory disease (1, 2) .
Diapedesis, especially during extravasation, has been intensely investigated. The specialized post-capillary venules of secondary lymphoid organs (SLO; i.e., high endothelial venules (HEV)) constitutively express adhesion molecules and chemokines that support entry of circulating naïve and subsets of memory lymphocytes (1) . Similarly, the endothelium of post-capillary venules in most inflamed peripheral tissues (or capillaries for inflamed lung and liver) upregulates adhesion molecules and chemokines that support diapedesis of effector/memory lymphocytes, as well as innate immune cells (3) . In both settings, extravasation begins with the accumulation of circulating leukocytes on the luminal surface of the endothelium through a well-characterized multi-step adhesion and activation cascade (3, 4) . This is initiated by transient rolling-type interactions mediated by the selectin family of adhesion molecules, which facilitate sensing of endothelial chemokines. This in turn triggers high affinity interaction of leukocyte integrin receptors (e.g., LFA-1, Mac1 and VLA-4) with their endothelial ligands (e.g., ICAM-1, ICAM-2, and VCAM-1) resulting in leukocyte arrest via firm adhesion (5) . Subsequently, lymphocytes undergo actin-dependent spreading, polarization and integrindependent lateral migration on the luminal surface of the endothelium. This activity seems to allow leukocytes the ability to search out sites permissive for endothelial barrier penetration (6, 7) . Finally, the leukocyte must formally breach and migrate across the endothelium, a process formally referred to as 'diapedesis'. This last and critical step remains only partially characterized and has long been a subject of controversy (8) (9) (10) .
Though significant heterogeneity exists (11, 12) , the endothelium of the vascular circulation is principally a monolayer of endothelial cells growing on an abluminal matrix (i.e., basement membrane). Junctions between endothelial cells are elaborate and complex, with different adherens, tight and gap junction zones, each formed from distinct molecular components and reinforced by interactions with the cortical actin cytoskeleton (13) (Figure 1 ). Though clear distinctions have been characterized, lymphatic and vascular endothelium share the same principal features (14, 15) . In this way, vascular and lymphatic endothelia form selectively permeable barriers between the circulation and the underlying tissues. The problem for leukocytes of how to cross such barriers has two solutions: 1) disassembly of the intercellular junction and formation of a para-cellular gap (i.e., paracellular diapedesis), or 2) formation of a trans-cellular pore directly through an individual endothelial cell (i.e., transcellular diapedesis).
The very first studies to directly address mechanisms for diapedesis in vivo (using electron microscopy (EM)) demonstrated evidence for both paraand trans-cellular routes (16) (17) (18) (19) (20) (21) . Although largely unappreciated, many subsequent studies demonstrated significant utilization of both routes in a wide range of in vivo settings (as reviewed in Section 3, below). However, the lack of clear evidence for trans-cellular diapedesis in initial studies using cultured in vitro endothelial models (22) (23) (24) (25) (26) (27) seemed, for the most part, to overshadow the previous in vivo observations, as well as preclude mechanistic investigation of this pathway.
Recently, the first in vitro observations of transcellular diapedesis (as reviewed in Sections 4 and 5, below) have begun to illuminate mechanisms for this process and have brought renewed interest in its physiologic functions.
In an effort to more broadly understand the settings, mechanisms and roles for this pathway, we attempt here to collectively review all of the existing in vivo and in vitro data for trans-cellular diapedesis. While discussing some of the in vivo observations and mechanistic characterization of para-cellular diapedesis, as a matter of focus, these topics (which have been reviewed extensively elsewhere (2, 9, (22) (23) (24) ) will not be covered here in detail.
IN VIVO STUDIES OF TRANS-CELLULAR DIAPEDESIS
During immune surveillance various types of blood leukocytes traffic throughout almost all recesses of the body (1) . The life cycle of most leukocytes or their progenitors starts in the bone marrow where they originate and then migrate into the circulation. Newly intravasated lymphoid T cell progenitors immediately home to the thymus and eventually reenter the vascular circulation as mature naive T lymphocytes. These then join B lymphocytes in constitutive and repeated cycles of migration into SLO (e.g., lymph nodes, Peyer's patches, spleen and tonsils) followed by reentry into the vascular circulation via the thoracic duct of the lymphatic system. Distinctly, monocytes constitutively emigrate from the circulation into the peripheral tissues where they differentiate into antigen presenting cells (APCs; e.g., macrophages and dendritic cells). Dendritic cells undergo upregulatable trafficking into the blind-ending lymphatic vessels of the tissue (i.e., the afferent lymphatics) and then move to lymph nodes where they interact with lymphocytes.
In cases of infection, APCs bearing pathogen-derived antigen activate expansion of antigenspecific lymphocytes followed by their differentiation into effector/memory lymphocytes. These enter the circulation and then join innate immune cells (e.g., granulocytes) in homing and migrating into the infected/inflamed peripheral tissues. Each of these trafficking steps (i.e., movement into or out of the tissue) requires a diapedesis event.
It is clear, even from the oversimplified summary presented above, that individual diapedesis events may occur in vastly different settings (e.g., tissues, endothelial and leukocyte subtypes and migration/activation stimuli) with highly varied immdediate purposes. Thus, a true understanding of diapedesis mechanisms requires detailed analysis in situ. In this section we review the extensive in vivo/in situ observations of trans-cellular diapedesis that have been made over the past 50 years for both constitutive and inflammation-specific trafficking events in a range of anatomic loci ( Table 1) . Many of the reported in vivo observations of diapedesis utilize single-section transmission EM (TEM). It is important to recognize that though such observations are often interpreted as support for the use of either a "para-cellular" or "trans-cellular" pathway, taken alone these are essentially ambiguous. Critically, however, many studies have also been conducted with scanning EM (SEM), serial-section TEM or serialsection confocal fluorescence microscopy in the presence of junctional markers and thereby provide reasonably Mechanisms for trans-cellular diapedesis. The schematic summarizing basic morphologic features broadly observed in vivo and in vitro as a leukocyte (tan) progressively migrates across the endothelium through a trans-cellular pore. A small segment of endothelium is depicted in which two individual endothelial cells are distinguished by green and blue coloring. Locations where specific junctional adhesion complexes (i.e., tight, adherens and gap junctions) form are indicated (orange). A. Podosome Probing. The schematic depicts a 'snapshot' of a lymphocyte laterally migrating toward an intact inter-endothelial junction. During migration dozens of actin-dependent podosome-like protrusions dynamically form (downward pointing arrows) and retract (upward pointing arrows), concomitantly forcing endothelial invaginations termed 'podo-prints'. This dynamic protrusion behavior is thought serve in migratory pathfinding as a means of 'probing' the endothelial surface for sites permissive to trans-cellular diapedesis. I. Shows a trailing edge podosome retracting. II. Shows a podosome protruding into, and being frustrated by, the rigid nuclear lamina. III. Shows a podosome and its cross-section (inset), highlighting the peripheral LFA-1 integrin/talin/vinculin zone and the actin-rich core. IV. Highlights a specific podosome that progressively extends to become an 'invasive podosome' and facilitate trans-cellular pore formation in panels B and C. Endothelial vesicles, VVO and caveolae ('vesicles') are seen enriched near or directly fused to podo-prints. B. Transmigratory Cup Formation. Overlapping temporally with podosome probing (A), endothelial cells proactively protrude actin-dependent, ICAM-1/VCAM-1-enriched protrusions (*) that embrace adherent leukocytes, forming 'transmigratory cups' that are thought to facilitate transition from lateral to transendothelial migration. Note many podosomes-like protrusions have or are retracting while one continues to protrude. C. Transcellular pore formation. At permissive sites a podosome-like protrusions progressively extend, transitioning to 'invasive podosomes', which forces the endothelial apical and basal plasma membrane into close opposition thereby facilitating initial trans-cellular pore formation for diapedesis. Active SNARE complex-dependent fusion of endothelial vesicle at the site of protrusion may facilitate this process. D. Pore expansion. The leukocyte progressively pushes across the trans-cellular pore causing expansion of its diameter to as much as 5 microns. E. Pore contraction. As the leukocyte completes diapedesis the pore contracts, maintaining close endothelial cell-leukocyte contacts. F. Pore closure/resolution. The leukocyte finally, exits the pore completely. Substantial in vitro and in vivo data support the existence of rapid resealing of the vacated pore. However, no details currently exist on the mechanisms of this important process. 4 E, emperiopolesis mode of trans-cellular diapedesis; P, pore-spanning mode of transcellular diapedesis. 5 Trans-cellular migration events observe to take place in close proximity to intact inter-endothelial junctions (i.e., 'peri-junctionally') are denoted. 6 Studies demonstrating leukocyte protrusions morphologically similar to podosomes are denoted. 7 Studies providing at least 'reasonably conclusive' or unequivocal demonstration of trans-cellular diapedesis (via either SEM, serial-section TEM or serial-section confocal IFM in the presence of junctional markers) are denoted with an asterisk.
conclusive, and often unequivocal, assessment of route of diapedesis. In Table 1 and throughout the text we have highlighted such methodological distinctions and generally tried to emphasize the most conclusive evidence for transcellular diapedesis. In addition, we point out that EM assessment of leukocyte types is based on morphology and authors therefore have tended to use more general descriptive terminology (e.g. 'agranular leukocytes', 'mononuclear inflammatory cells', 'polymorphonuclear cells'). Throughout the text and in Table 1 we adhere to these original designations.
Intravasation from the bone marrow and thymus
The bone marrow parenchyma is the primary locus for hematopoiesis. Thus, essentially all leukocytes, as well as red blood cells, platelets and certain stem cells, begin their life cycle by migrating across the bone marrow endothelium in order to enter the circulation. As a consequence, this vascular bed is subject to high steadystate levels of diapedesis. Although originally thought to have constitutive pores, the bone marrow endothelium is now recognized to be continuous and generally rather attenuated, particularly near the intercellular junctions (28) .
Perhaps more so than any other tissue, EM studies of diapedesis during leukocyte intravasation in bone marrow are remarkably consistent and provide largely conclusive evidence for the predominant use of the transcellular pathway (28-34) ( Table 1) . Here, leukocytes are seen to span across trans-endothelial pores (Figure 1) , with various amounts of their cell bodies protruding into the vascular lumen (presumably reflecting their stage in the progression of intravasation). The majority of such investigations find that lymphocyte, granulocyte and eosinophil trans-cellular diapedesis pores are not randomly distributed, but tend to form predominantly in close juxtaposition to intact intercellular junctions (i.e., 'perijunctionally'), where the endothelium is thinnest (often only 100-200 nm thick) (28) (29) (30) 32) . Quantitative analysis showed that, on average, pores formed within 1.4 microns of intact junctions, but many times could be seen by serialsection TEM within 100 nm of them (29, 30) . Interestingly, one of these studies demonstrated the presence of actin-rich protrusive structures in lymphocytes and eosinophils, termed 'podosomes', which were suggested to facilitate trans-cellular pore formation (32), as discussed below (Section 5.1.).
In addition to blood leukocytes, many studies have concomitantly characterized reticulocytes in the process of intravasation and megakaryocytes forming long processes that span across the bone marrow endothelium (which may be important for release of platelets into the blood stream) (28) (29) (30) (31) 34) . Such events were shown conclusively to occur through peri-junctional trans-cellular pores similar to those seen with leukocytes (28-31, 34).
Physiologically, a variety of blood and stem cell types are known to home to and re-enter the bone marrow via extravasation. However, we are not aware of any studies that directly characterize the route of extravasation across bone marrow endothelium. Importantly, as many authors acknowledge, direction of diapedesis is never explicit in fixed sample studies. Direction, rather, is inferred from expected overall behaviors in specific settings. Thus, while the majority of flux across the bone marrow represents intravasation, concomitant extravasation may be present in any given vessel, though not necessarily identified as such.
Unlike innate immune cells and B lymphocytes, T lymphocytes first enter the blood stream as progenitor cells and immediately home to and enter the thymus in order to undergo maturation before, once again, entering the circulation. Trafficking at this locus is relatively poorly characterized. However, two studies provide support for trans-cellular diapedesis during the intravasation phase of thymus trafficking (35, 36) . The study by Ushiki et.al., provides compelling SEM, coupled with TEM, demonstrating lymphocytes emanating into the lumen of post-capillary venules of the thymus trans-cellularly at relatively central, peri-nuclear locations (36).
Secondary lymphoid organs: HEV and lymphatics
Naïve lymphocytes specific for a particular antigen are very rare and a successful immune response depends on these lymphocytes finding their antigen on an APC (e.g., dendritic cell, macrophage and B cell). This is impossible to accomplish in the vast space of the peripheral tissue compartment. SLO provide a highly concentrated and organized nexus for information exchange between naïve/memory lymphocytes and APCs (37) . Entry into SLO occurs at two locations: Most lymphocytes enter SLO from the vascular circulation by extravasation across the HEV, whereas most APCs enter by intravasating from the tissue by crossing the afferent lymphatics and then flow into the SLO via lymph circulation. These processes occur constitutively during immune surveillance, but become further upregulated, for example, during infection.
HEV are distinct in that they have a thick cuboidal, rather than the more typical squamous, endothelial phenotype and that they constitutively express adhesion molecules (e.g., PNAd, ICAM-1, ICAM-2 and MAdCAM-1) and chemokines (e.g., CCL19 and CCL21) necessary for recruitment of naïve/memory lymphocytes (38) . The first studies to investigate extravasation across HEV were done in rat cervical, mesenteric and popliteal lymph nodes in the absence and presence of a Staphylococcus areaus infection (20) . Through serial-section TEM, predominantly transcellular diapedesis was observed (20) . However, in contrast to the common appearance in bone marrow of leukocytes spanning across trans-endothelial pores, lymphocytes migrating across HEV often appeared to be largely, if not completely, engulfed in an individual endothelial cell (20) . This particular mode of trans-cellular diapedesis has been referred to as 'emperiopolesis' (Greek: em = inside, peri = around, polemai = to wander about) (39, 40) . A series of subsequent studies in cervical, mesenteric, popliteal, paraaortic, axillary and tibial-popliteal lymph nodes in a range of animal models (rat, mouse, hamster, guinea pig and chicken) reported similar predominance for trans-cellular diapedesis across HEV by both pore-spanning and emperiopolesis modes (41) (42) (43) (44) .
A variety of studies have also observed either exclusive trans-cellular (44, 45) or concomitant para-and trans-cellular diapedesis (46) across the HEV of Peyer's patches (SLO associated with the small intestine). The most recent of these studies, conducted in guinea pig in the absence and presence of intestinal inflammation, demonstrated (via complete ultra-thin serial-section TEM and three-dimensional modeling) unequivocal diapedesis through trans-cellular pores formed in extremely close proximity to intact inter-endothelial junctions (45) .
One study has demonstrated the presence of both para-and trans-cellular diapedesis across HEV of human tonsils removed from tonsillitis patients (47) .
Though clear evidence exists for trans-cellular diapedesis across HEV, such evidence often appears concomitantly with evidence for para-cellular migration in the same sample. In addition, many studies, not reviewed here, support exclusive use of para-cellular pathways across HEV. No obvious correlations are apparent between specific settings (e.g., SLO, species, inflammatory stimulus) and observed route preference. Thus, the relative role of para-and trans-cellular pathways seems particularly unclear and controversial for HEV. One potential contributing factor to this controversy is the technical challenge presented by the unique thickness of HEV, which during diapedesis leads to exceptionally large and complex three-dimensional endothelial-leukocyte contact surfaces.
The afferent lymphatics represent the main entry point into SLO for APCs, such as dendritic cells. Endothelium in the afferent lymphatics has been generally thought of as having rather poorly organized junctions that facilitate passive movement of fluid and tissue leukocytes. In fact, recent studies have shown that these vessels have continuous adhesion structures bordering their entire periphery, though partitioned into discrete VE-cadherin-or PECAM-1-rich zones (15) .
Moreover, leukocyte intravasation at this locus has been demonstrated to be an active chemokine-and adhesion molecule-dependent process (48) (49) (50) . To our knowledge, route of diapedesis in afferent lymphatics has only been assessed in two studies, which, through rather limited single-section TEM, suggested para-cellular diapedesis for "dendritic cells" (51) and "leukocytes" (15) . Clearly a much more extensive analysis is required and the roles for para-and transcellular pathways remain open questions in this setting (50) .
In contrast to the afferent lymphatics, a variety of studies have examined migration of lymphocytes, macrophage, neutrophils and tumor cells across lymphatic endothelium in other structures, such as the lymphatic sinuses of the lymph node (52, 53) and various absorbing peripheral lymphatic vessels, under both normal and inflammatory conditions (54) (55) (56) (57) (58) (59) . In these studies, largely through serial-section TEM and three-dimensional modeling, diapedesis was found to be predominantly transcellular. One of these studies specifically noted vesicular structures, which resemble caveolea and vesiculo-vacuolar organelles (VVO), enriched in the endothelial cells at sites of lymphocyte protrusion that were speculated to play roles in pore formation (53) , as discussed below (Section 5.2.).
Peripheral tissue inflammation
The topic of peripheral inflammation is, indeed, a broad one. Any tissue can become inflamed and the resident vascular beds may exhibit extensive phenotypic and functional diversity (11, 12) . Moreover, inflammatory stimuli can be diverse and complex, including infection (by an extremely wide array of pathogens), tissue trauma, ischemia, thrombotic events, presence of allergens or underlying disease and often combinations thereof. Thematically, some aspects of inflammatory responses seem to be broadly relevant, such as the central role for inflammatory cytokines in stimulating endothelial cell activation and upregulated expression of cell surface adhesion molecules (e.g., E-selectin, ICAM-1, VCAM-1 and MAdCAM-1). Endothelial cells also upregulate expression of chemoattractants, such as MCP-1, or take up tissue chemoattractants and present them luminally on their glycocalyx (60) . Collectively, these changes result in local recruitment of leukocytes into the tissues. However, the details of the specific adhesion molecules and chemoattractants expressed by the endothelium may vary greatly with tissue and inflammatory stimulus thereby causing recruitment of distinct leukocyte subtypes (61) . As discussed in Section 6, such factors may influence the route of diapedesis used and it is therefore difficult to draw generalizations from the diverse studies described below.
The very first studies to directly examine route of extravasation during inflammation (or any setting) provided modest support for a trans-cellular pathway (16) (17) (18) (19) . Marchesi and Florey initially studied acute inflammation and neutrophil infiltration into rat mesentery in response to mechanical trauma (16) . Single-section TEM analysis, focused on the initial stages of neutrophil transmigration, suggested predominant use of a para-cellular pathway. However, potential for trans-cellular diapedesis was suggested by the observation of neutrophil "pseudopods" that protruded deeply into cytoplasm of the endothelium and forced the endothelial apical and basal plasma membranes in close opposition as though poised for pore formation (16, 19) . Simultaneously, through investigation of an ischemic model of acute inflammation in dog pancreas, Williams and Grisham also found support for the co-existence of both para-and trans-cellular diapedesis (17, 18) . Using single-section TEM, a fraction of the migrating neutrophils were seen to be either partially or completely enveloped by the endothelium (i.e., undergoing emperiopolesis). Importantly, in all of these early studies it was recognized that the only definitive way to determine the route of transmigration with TEM would be to conduct serial sectioning to properly assess the relative location of the endothelial junctions with respect to the site of transmigration.
While many subsequent studies suggested exclusively para-cellular diapedesis (not reviewed here) others provided further support for trans-cellular diapedesis in a range of inflammatory settings. Neutrophil recruitment in human skin was investigated by topical application of complement split products (i.e., C5a), neutrophil activating peptide, interleukin (IL)-1alpha, and leukotriene B4. Punch biopsies from volunteers analyzed by single-section TEM suggested exclusive trans-cellular diapedesis through an emperiopolesis mode (62) . Quantitatively similar results were found for lymphocytes migrating in liver, lung, spleen, kidney and heart in an IL-2-induced model of systemic vascular leak syndrome in mice (63).
Dvorak and co-workers provided the first unequivocal demonstration of inflammatory trans-cellular diapedesis via ultra-thin serial-section TEM studies of leukocyte recruitment in response intradermal injection of the bacterial derived chemoattractant formyl-met-leu-phe (fMLP) in guinea pigs (64) . It was found that out of 11 complete serial-section sets/reconstructions, 10 (91%) followed an unambiguous trans-cellular diapedesis route. A similar study using fMLP injected into the skin of mouse lips provided compelling SEM and TEM that also demonstrated predominant trans-cellular diapedesis (20 out of 24; 83%) (65) . A common criticism of these studies is the suggestion that the observed trans-cellular diapedesis was a result of the supra-physiologic levels of fMLP used. This suggestion would imply that the strength of migratory/inflammatory stimuli is a key modulator of route of diapedesis, a possibility that remains to be directly assessed.
Very recently, Kubes and co-workers have documented unambiguous trans-cellular diapedesis events in situ/in vivo for the first time using serial-section confocal fluorescence microscopy (7, 66) . In this way, approximately15% of neutrophils could be seen transmigrating (in macrophage-inflammatory protein-2stimulated mouse creamaster muscle post-capillary venules) at sites distant from the fluorescently tagged PECAM-1-rich junctions and, thus, could be conclusively assessed as trans-cellular (7, 66) . This value increased to ~70% in neutrophils lacking expression of the integrin Mac-1 (7, 66) . In either case, the remainder of diapedesis events that occurred close to the PECAM-1-rich junctions were inferred to represent para-cellular migration. However, the optimal resolution of light microscopy (approximately 200 nm) may be inadequate to assess many trans-cellular diapedesis events that occur (as determined by TEM) within a few hundred nanometers of intact junctions (20, 28-30, 43-45, 52, 54-59, 64, 67-71) . Thus, the degree to which the observed peri-junctional events represent true para-cellular migration or trans-cellular migration close to the junctions remains unclear. Despite this limitation, the important advance of being able to observe unambiguous trans-cellular diapedesis in vivo via a fluorescence approach (which is of much higher throughput compared to EM) will no doubt be critical to extending our understanding of the physiologic roles and mechanisms for this pathway.
Blood-brain and blood-retinal barriers during inflammatory pathology
The central nervous system (CNS) is an immune privileged compartment in which leukocyte trafficking is tightly limited by the specialized endothelial blood brain barrier (BBB). Hallmarks of the BBB include especially well formed inter-endothelial tight junction zones and low levels of caveolae and pinocytotic vesicles which limit para-and trans-cellular permeability, respectively (72) . During CNS inflammatory pathology, trafficking of leukocytes across the BBB may become significantly upregulated. As discussed below, many studies investigating mechanisms of such CNS trafficking find a predominant role for trans-cellular diapedesis pathways.
One of the most clinically important conditions for aberrant leukocyte trafficking to the CNS is multiple sclerosis (MS). The recent clinical success of a therapeutic agent that seems to act largely by blocking such trafficking (i.e., the alpha4 integrin function-blocking antibody Natalizumab) underscores the central importance of diapedesis across BBB in MS (73) . An early study of transmigration in an animal model of MS (i.e., experimental autoimmune encephalomyelitis (EAE)), suggested, through relatively limited single-section TEM observations in rat, that mononuclear leukocytes might cross the BBB para-cellularly (74) . Extensive, subsequent studies of murine EAE using TEM, SEM and high-voltage EM (HVEM) strongly supported trans-cellular diapedesis of mononuclear inflammatory cells via pores juxtaposed to intact tight junctions (68, 69, 75) .
Very recently, Engelhardt and co-workers have provided unequivocal demonstration of exclusively trans-cellular diapedesis in mouse BBB venules inflamed by EAE via complete TEM serial-sectioning encompassing entire transmigration sites (70) . Morphologically, these studies showed endothelial cells 'embracing' (but never fully enveloping) lymphocytes as they protruded micro-scale 'process' across perijunctional trans-endothelial pores. Importantly, these authors emphasize the distinct diapedesis kinetics in EAE compared to most other settings (i.e., hours instead of minutes (76)), which may have significant mechanistic implications.
Diapedesis across BBB has also been studied in a variety of other inflammatory settings. In models of acute inflammatory autoimmune neuritis (experimental allergenic neuritis) in rats (39), post-operative neural degeneration in rabbits (77) and corticectomy-induced thalamic nerve degeneration in rats (78) , mononuclear leukocytes were observed to migrate across BBB exclusively via transcellular pathways. Moreover, in an acute inflammatory meningitis model in cats (induced with alphabungarotoxin), predominant trans-cellular migration of polymorphonuclear leukocytes was seen across the BBB via both pore-spanning and emperiopolesis modes (67) .
The blood-retinal barrier (BRB) is a specialized endothelial structure that forms a highly selective barrier between the retinal parenchyma and the blood and is functionally identical to the BBB (79) . Like the CNS, levels of leukocyte trafficking in retina are only significant during inflammatory disease, such as posterior uveitis. In an experimental model of this disease (i.e., experimental autoimmune uveoretinitis; EAU) in rat, Greenwood and coworkers showed that mononuclear leukocytes crossed the BRB exclusively via trans-cellular pores (71) . These observations were extended with an IL-1beta-mediated acute inflammation model in which monocytes, neutrophils and eosinophils were all seen to transmigrate across the BRB both by trans-cellular pores and apparent emperiopolesis (80). In each of these studies leukocytes were noted as initiating diapedesis by "probing" into and penetrating endothelial cells with actin-rich "pseudopodia" that formed close to, but not through intact tight junctions.
IN VITRO STUDIES OF TRANS-CELLULAR DIAPEDESIS
The development of techniques in the early 1970's for isolation and culture of primary endothelial cells as in vitro models of the endothelium (81, 82) facilitated characterization of diapedesis in experimentally tractable in vitro systems. Initial investigations using single-section TEM suggested that neutrophils stimulated with prostaglandins, thromboxane or fMLP (25, 26) or unstimulated monocytes (27) crossed endothelial monolayers para-cellularly. A variety of subsequent EM and light microscopy studies largely supported these initial findings (reviewed in (2, 9, (22) (23) (24) ). However, at least one of these studies, examining lymphocytes migrating across a TNF-alpha-activated human BBB model, supported (via single-section TEM) the co-existence of both para-and trans-cellular diapedesis routes in vitro (83) . Moreover, based on the extensive presence of monocyte and neutrophil 'pseudopods' protruding into the apical endothelial cell surface independent of junctions (in the presence of fMLP or leukotriene B4), another study suggested the potential for concomitant para-and transcellular diapedesis in vitro (84) Starting in 2004, an expanding group of investigators began making the first unambiguous in vitro observations of trans-cellular diapedesis largely through advanced fluorescence imaging approaches (85) (86) (87) (88) (89) (90) (91) (92) . These observations have been made with a range of leukocytes (neutrophils, monocytes and memory and effector lymphocytes) and endothelial cells (human umbilical vein endothelial cells (HUVEC), human coronary artery endothelial cells (HCAEC) human dermal (HDMVEC) and lung (HLMVECs) microvascular endothelial cells and human lymphatic endothelial cells (HLyECs)). Moreover, studies have been done in the absence and presence of diverse migratory/inflammatory stimuli (TNF-alpha, IL1-1beta, IL-8, SDF-1, fMLP and PAF) and under both static and physiologic shear flow conditions. In all cases, the observed trans-cellular migration occurred through the pore-spanning mode.
The quantitative contribution of the trans-cellular mechanism to overall diapedesis (i.e., including both transand para-cellular) in these in vitro studies has ranged from 5 to 60%.
Interestingly, on HUVEC models (a representative macro-vascular/conduit endothelial cell type) the percentage of trans-cellular diapedesis has been observed to be only 5-10% (85) (86) (87) 90) . Alternatively, studies with micro-vascular models (i.e., HDMVECs, HLMVECs), as well as HCAECs and HLyECs tended to show much higher use of trans-cellular routes (30-40%) (88, 90, 91) . These results clearly demonstrate that heterogeneity exists in the propensity of different endothelial cell types to support trans-cellular diapedesis. In addition, these results point toward the predominant use of HUVEC monolayers in the early in vitro studies as a factor that may have helped to preclude initial observation of the trans-cellular route.
MECHANSISMS FOR TRANS-CELLULAR DIAPEDESIS
The recent in vitro investigations have begun to illuminate mechanisms for trans-cellular diapedesis. Importantly, the wealth of preexisting morphologic observations in vivo provides significant support for these mechanistic findings. As noted throughout Section 3, transcellular diapedesis in vivo has been observed to occur mostly through trans-endothelial pores ('P' in Table 1 ), but also via a process whereby leukocytes apparently become transiently enveloped within endothelial cells (i.e., emperiopolesis; 'E' in Table 1 ). Currently, in vitro observations and direct mechanistic investigations are limited to the pore-spanning mode, which will be the focus of the discussion below ( Figure 1 ). However, it seems likely that the key mechanistic components important for this mode of migration (e.g., leukocyte protrusion and endothelial membrane fusion) are shared by emperiopolesis.
Leukocyte protrusion
Following initial adhesion to the endothelium, an important prerequisite to formal diapedesis is the active seeking out and identification of sites permissive to penetration. Leukocyte polarization and integrin-dependent lateral migration over the endothelial surface are critical to this process (6, 7) . It has been generally interpreted that this allows leukocytes to move toward junctions for paracellular diapedesis (6, 7) . However lateral migration is also observed to precede trans-cellular diapedesis (86, 87, 90, 91) and this likely plays an analogous role in positioning leukocytes appropriately (i.e., where trans-cellular pore formation can occur most efficiently). Early TEM studies in bone marrow recognized that the peri-junctional regions are generally the thinnest and may therefore in many cases represent the path of least resistance for trans-cellular pore formation (29) . In fact, the preference for trans-cellular diapedesis near the intercellular junctions has been noted in a wide range of studies that include all of the major in vivo settings characterized to date (16, 20, 28-30, 32, 43-45, 52, 54-59, 64, 67-71, 80) (Table.1 ). Based on this preference, it was suggested that leukocytes somehow "seek out these regions" (30) . However, the basis of how leukocytes might identify and subsequently exploit sites permissive for transcellular diapedesis (whether peri-junctional or otherwise) was unclear.
Recent fluorescence and electron microscopy imaging studies suggest that podosome-like protrusions formed by leukocytes may be critical for this process (91) . Podosomes (i.e., 'foot-protrusions') are actin-dependent protrusive structures (approximately 500 nm in both diameter and depth) that form on the ventral surface of highly migratory cells such as leukocytes (93) . It was recently demonstrated, through fluorescence microscopy, that lymphocytes and monocytes dynamically protrude and retract (with half-lives of about 20 seconds) dozens of podosome-like protrusions as they migrate laterally over the endothelium (91) ( Figure 1A) . These protrusions force cognate invaginations (termed 'podo-prints') into the surface of the endothelium, locally displacing cytoplasm, cytoskeleton and other organelles (91) . Similar dynamic lymphocyte-induced endothelial invaginations were suggested by total internal reflection fluorescence microscopy studies (90) . Importantly, efficient transcellular diapedesis was always preceded by, and indeed required this dynamic protrusive behavior (91) . Moreover, in vitro and in vivo TEM studies revealed a continuum of protrusion depths ranging from 100 nm to 2000 nm, with the longer structures ('invasive podosomes') often spanning nearly the entire endothelial cell thickness, placing the apical and basal membranes in close opposition (91) ( Figure 1C ). Ultrastructurally similar protrusions were also observed during trans-cellular diapedesis of neutrophils (86). It was therefore proposed that dynamic podosome-like protrusions serve to stochastically 'probe' the endothelial surface as a means of identifying locations of relatively low endothelial resistance where protrusions can then extend progressively to promote trans-cellular pore formation (91) .
Whereas the recent studies have helped to develop an integrated mechanistic model for the roles of podosome-like structures in diapedesis, the basic ideas of this model had been previously suggested and supported by diverse observations. In fact, the very first description of podosomes (and coining of term) was made in the context of lymphocyte and eosinophils trans-cellular migration across bone marrow endothelium in vivo (32) . Remarkably, these authors predicted that these actin-enriched structures might supply the protrusive force necessary for transcellular pore formation. In the following year Marchisio and co-workers performed the first detailed molecular characterization of podosomes in transformed fibroblasts (94) . Shortly thereafter this group demonstrated formation of podosomes by leukocytes (natural killer cells) adhering to endothelium in vitro and suggested that these may function in endothelial penetration during diapedesis (95) . Moreover, though not formally described as 'podosomes', many in vivo studies have demonstrated the presence of protrusive structures with clearly podosome-like morphology (variously referred to as 'pseudopodia', 'processes', 'probing-pseudopods', 'microvilli-, fillipodiaand finger-like protrusions') formed by lymphocytes, monocytes, neutrophils, eosinophils and acute myeloid leukemia tumor cells during diverse trans-cellular diapedesis events (16, 17, 28, 31, 32, 39, 41, 45, 53, 63, 64, 67-71, 75, 77, 78, 80, 96, 97) (Table.1 ). Such protrusions were often interpreted as "probing" the endothelium and potentially driving trans-cellular pore formation (16, 32, 39, 41, 53, 68-71, 75, 80, 96) . Finally, even among the early in vitro studies that concluded predominant use of paracellular diapedesis, podosome-like structures were prominent (25, 26, 84) . Collectively, these observations demonstrate that the ability/tendency of leukocytes to protrude podosome-like structures into the endothelial surface during diapedesis is broadly relevant.
Endothelial membrane dynamics
One principal distinction of trans-cellular diapedesis is the absolute requirement for membrane fusion and fission events to accommodate pore formation and resolution, respectively. The protrusive forces supplied by 'probing' leukocytes (Section 5.1.) likely act to promote initial apical and basal endothelial membrane fusion during pore formation. In addition, the endothelium appears to contribute proactively to this process through regulated membrane fusion activity. Recent in vitro studies show enrichment of the caveolae marker caveolin-1, vesicles, VVO and fusogenic proteins (i.e., the SNAREs VAMP2 and 3) in endothelium at sites of podosome-like protrusion and trans-cellular pore formation (90, 91) ( Figure 1A-C) . Interestingly, an earlier in vivo study, involving lymphocyte trans-cellular diapedesis in lymph node lymphatic sinusoids, noted lymphocyte protrusions (with podosomelike appearance) associated with clusters of fusing vesicles in the opposed endothelium. From this, it was speculated that "the fusing of the vesicles may form a gradual transendothelial channel in which the pseudopod of the lymphocyte penetrates and by this mechanism the lymphocyte may cross the endothelium" (53) . Several other studies have also demonstrated local enrichment and fusion of endothelial vesicles at sites of leukocyte protrusion in vivo (71, 91, 97) and in vitro (84). Efficiency of transcellular diapedesis was significantly reduced by siRNA knockdown of caveolin-1 in endothelium (90, 91) . Similar results obtained by pretreatment of endothelium with Nethylmaleimide (NEM; a functional perturbant of NSF) support a potential role for the NSF/SNAP/SNARE fusogenic machinery in pore formation (91) , though this idea still requires further experimental support (owing to the relatively poor selectivity of NEM). Collectively, these studies suggest a model in which, as a response to interaction with leukocytes, endothelial cells might trigger SNARE complex-mediated recruitment and fusion of vesicles. This fusion may serve to increase the local plasma membrane surface area, which could facilitate progressively deeper probing of leukocyte protrusions and ultimately trans-cellular pore formation ( Figure 1B and C) . Vesicle fusion could also enhance trans-cellular migration efficiency by local delivery of adhesion receptors (90, 98) and chemokines (60) .
After initial pore formation, phases of expansion (to a maximum of 5 microns in diameter) and contraction occur that are largely determined by the passage of the leukocyte nucleus across the pore ( Figure 1D-E) . Eventually, the leukocyte exits the pore completely and the pore reseals ( Figure 1F ). This final step presumably involves tight constriction of the pore and membrane fission to reverse the fusion between the apical and basal membranes. It has been frequently noted in diverse in vivo studies that after diapedesis no signs of the trans-cellular pore are evident indicating that the pores are transient and close rapidly (16, 29, 30, 32, 39, 63, 65) . Similar observations have been made in vitro (85-88, 90, 91) . Efficient pore closure/resolution, would seem to be of critical importance for the maintenance of barrier function thereby preventing excess plasma leakage and inappropriate leukocyte migration. However, the basic mechanisms and regulation for this critical step remain essentially uncharacterized.
Adhesion molecules
Studies of diapedesis mechanisms have traditionally focused on the roles of adhesion molecules. For para-cellular diapedesis, models have emerged in which homophilic, junctionally enriched, adhesion molecules (e.g., PECAM-1, JAM-1 and CD99) play central roles (22, 23) . For trans-cellular diapedesis, studies have suggested roles for specific adhesion molecules, but consistent models remain to be established.
Some initial studies have suggested that the 'junctional' adhesion molecules that are involved in para-cellular diapedesis (i.e., PECAM-1 and JAM-1) might also be involved in trans-cellular migration (91) and this has been suggested to potentially occur through intracellular trafficking mechanisms (98) . However, more extensive analysis of this possibility is still required.
Other studies have focused on roles of leukocyte integrins and their endothelial ligands in determining the route of transmigration. One in vitro study demonstrated that neutrophil trans-cellular migration was strongly favored by high endothelial ICAM-1 expression in a largely LFA-1 (and to a lesser extent Mac-1)-dependent manner (87) . Alternatively, in an in vivo model, knockout of Mac-1 integrin was also found to be associated with a large increase (70% compared to 15% for wild type) in trans-cellular migration (7) . In both cases, altered lateral migration was suggested to be the basis for the change in route, but through opposite mechanisms (i.e., increased (87) versus reduced (7) adhesion). Again, a clear interpretation of these findings will require further analysis.
Relatively consistent findings have been made for the roles of endothelial ICAM-1 and VCAM-1 in both traction and barrier maintenance during transcellular, as well as para-cellular, migration. ICAM-1 and VCAM-1 engagement by leukocyte integrins drives proactive protrusion of actin/vimentin-enriched microvilli-like protections in endothelium that partially embrace adherent and migrating leukocytes (5, 85, 89, 99 , 100) ( Figure 1B) . These structures, termed 'transmigratory-cups' or 'docking structures' have been observed in a wide range of in vitro and in vivo settings and are thought to facilitate para-and trans-cellular protrusion across the endothelium by providing a traction scaffold oriented in the direction of diapedesis. In addition, these structures may minimize barrier disruption by enhancing the leukocyte-endothelial contact area (18, 63, 66, 67, 70, 75, 85, 89, 90, 92, (99) (100) (101) . With regard to this latter function, several studies also show strong enrichment of LFA-1 and ICAM-1 and close cell-cell opposition at the trans-cellular pores themselves (85, 87, 90, 91) .
TRANS-CELLULAR VERSUS PARA-CELLULAR
The extensive in vivo studies accumulated over the past 50 years, coupled to the emerging in vitro data, clearly establish that two diapedesis pathways co-exist, each with the propensity to contribute in quantitatively important ways to overall leukocyte trafficking. Thus, we are faced not only with the challenges of elucidating the basic mechanisms for each pathway, but also with understanding the settings where each may be most important, the relative functional roles of each and the molecular/cellular determinants driving usage of one pathway over another. The answers to these questions will be critical for a complete understanding of leukocyte trafficking, and for efforts to develop novel antiinflammatory therapeutics that effectively target diapedesis.
Quantitative contribution of trans-cellular diapedesis
An important starting point for understanding the overall roles/functions for trans-and para-cellular migration routes is simply to quantify their relative usage in specific in vivo settings. The existing in vivo analyses of trans-cellular diapedesis (as reviewed throughout Section 3) are far from comprehensive or systematic. Nonetheless, a few consistent themes are apparent. Perhaps the most important, is the idea that overall route usage in vivo is highly heterogeneous. Some of this variability may be attributable to specific technical challenges in assessing route (e.g., imaging HEV), but may largely come from the variability in the models/settings examined. The latter may have particular relevance to extravasation associated with peripheral inflammation, an especially broad topic. However, relatively consistent evidence for predominant usage of trans-cellular diapedesis has emerged in two settings: 1.) constitutive intravasation across bone marrow endothelium and 2.) disease-related extravasation across BBB and BRB. The reason for the dominant role of the trans-cellular route in these settings is not yet clear. We might speculate that in bone marrow it serves to accommodate the high constitutive flux of leukocyte trafficking without disrupting overall endothelial integrity (see Section 6.2., below). Alternatively, in BBB/BRB transcellular diapedesis may be favored as a consequence of the exceptionally strong barrier provided by the tight junctions in these endothelia (See Section 6.3., below). Experimental support for role of junctional stability in determining route was provided by Sandig and coworkers who showed that an endothelial junction-destabilizing agent (i.e. IL-1beta) reduced trans-cellular diapedesis of monocytes in favor of the para-cellular route (88) .
In vitro observations made in diverse, though largely inflammatory, models have also yielded highly varied results. Of course, many of the early studies concluded exclusive use of para-cellular migration routes (22, 23, (25) (26) (27) . Among the recent studies reporting transcellular diapedesis, the quantitative contribution of transcellular diapedesis has ranged from 5 to 60% with the Figure 2. Potential factors influencing route of diapedesis. The schematic emphasizes three main factors (endothelial cells, leukocyte and stimulus) and some of the key variables related to each of these that likely influence cell phenotype and behavior and, therefore, the route of diapedesis. Thus, route of diapedesis may be a highly context-specific issue. majority of observations showing < 30% (85) (86) (87) (88) (89) (90) (91) (92) . It is important to note, however, that studies relying on light microscopy (as is the case for the majority of current in vitro reports), may significantly underestimate transcellular diapedesis. Many unambiguous trans-cellular migration events are observed by TEM to occur within 100-200 nm of intact junctions (20, 28-30, 43-45, 52, 54-59, 64, 67-71) (Figure 1 ), a distance that falls at or below the limit of resolution for light microscopy. Thus, many peri-junctional events, which have been scored by default as para-cellular (85, 87, (89) (90) (91) may indeed be transcellular. An additional consideration for quantifying the contribution of para-and trans-cellular pathways is the role of the in vitro setting it self. Broadly speaking, endothelial cells in vivo turnover roughly once per year, and are in the presence of steady state laminar shear forces, mural cells (e.g., pericytes, vascular smooth muscle cells and astrocytes) and micromolar concentrations of plasma sphingosine-1-phosphate, all conditions that promote organization of inter-endothelial junctions and barrier function (11, 12, (102) (103) (104) (105) (106) (107) (108) . Each of these factors are conspicuously absent in most in vitro models, where junctions are generally much less well organized/differentiated. Thus, in vitro models may be nonphysiologically skewed toward the para-cellular route as the 'path of least resistance' (see Section 6.3., below).
Functional role of the trans-cellular route
The question of the functional role for having both a trans-cellular and para-cellular pathway for diapedesis remains a matter of speculation at this time. One possibility may be in maintenance of overall endothelial integrity and barrier function. The primary feature that defines endothelium as an integrated organ and barrier is the intercellular junctions (13) . Clearly, paracellular migration requires local disassembly of endothelial junctional adhesion complexes. Trans-cellular diapedesis could be viewed as a means of circumventing the junctions and thereby leaving these central structural elements intact, which could be particularly important in settings of high leukocyte flux. In this regard, it is interesting to note that the setting subject to arguably the greatest steady-state levels of diapedesis (i.e. bone marrow) is also the setting where predominant use of trans-cellular diapedesis is most clearly established (28) (29) (30) (31) (32) (33) (34) .
In addition, closure of the transmigration passage subsequent to diapedesis must be efficient to maintain proper barrier function. It could be envisioned that this efficiency may be relatively enhanced for trans-cellular events, which depend only on a single endothelial cell compared to para-cellular events, which rely on coordinated activity of two or more endothelial cells.
Determinants of route of diapedesis
An important question for leukocyte trafficking is what determines whether a leukocyte will utilize a transor a para-cellular migration pathway in any given setting. As suggested in Figure 2 , this will likely be established as a result of the convergence and integration of the many variables associated with three key factors: endothelium, leukocyte and migratory/inflammatory stimulus.
It has been proposed that diapedesis occurs through the 'path of least resistance' (96) . Simply stated, this idea suggests that the relative ease of forming a paracellular gap versus a trans-cellular pore should be a key determinant of route utilization. De novo formation of a trans-cellular pore requires endothelial membrane bending/invagination, displacement of inter-endothelial components (e.g., cytoskeleton and other organelles) and membrane fusion. Clearly all of these activities require energy, but some loci (e.g., highly attenuated perijunctional regions) will likely require relatively less than others. Opening of a para-cellular gap also requires energy. In general, inter-endothelial junctions in vivo tend to be highly interdigitated, involving (by cross-section) many microns of linear cell-cell contact (70, 109) and are stabilized by well-organized molecular adhesion complexes (i.e., adherens, tight and gap junctions) associated with cortical actin networks (13) (Figure 1 ). However, the relative degree of junctional organization and barrier function may vary greatly in many distinct settings. The mechanisms for junction disassembly during para-cellular migration are thought to include an energy-expensive process of Rho-mediated stress fiber assembly and contraction (22, 23, 110) .
The path of least resistance thus relies on endothelial activity and phenotype, which in turn is determined by aspects of its specific location within the vascular tree including the tissue micro-environment, the position in the arterial, venous or lymphatic circulation and whether it is part of a macrovascular conduit structure or a microvascular structure, which is optimized for exchange of fluid and solute. Each local endothelial structure will be subject to specific micro-environmental cues including distinct laminar shear or mechanical stretch profiles, basement membrane compositions, investiture with mural cells (e.g., pericytes, vascular smooth muscle cells, and astrocytes) and exposure to inflammatory and vasoactive stimuli (thereby determining the activation status). Collectively, such factors can strongly influence endothelial junction and cytoskeleton organization, vesicle/VVO/caveolae expression, intracellular trafficking/fusion, and expression of adhesion molecules/chemoattractants. All such parameters may profoundly effect the relative patency of a para-versus trans-cellular migration pathway.
While the path of least resistance is important, the ability of leukocytes to identify and exploit this path is equally important. Thus, the specific nature of the leukocyte type, activation status and activation history (particularly important for lymphocytes), along with the specific migratory/inflammatory stimulus and endothelial adhesion molecules will collectively determine the phenotype and migratory behavior of these cells and thereby critically influence the route of diapedesis.
PERSPECTIVE
It has become evident through a large number of in vivo and emerging in vitro studies that two physiologically relevant pathways for leukocyte diapedesis co-exist.
Contrasting the extensively studied para-cellular pathway, mechanisms for trans-cellular diapedesis are just beginning to be elucidated and include roles for podosome-like leukocyte protrusions and regulated fusogenic activity in endothelium. However, a much more detailed molecular understanding of trans-cellular pore formation and closure, as well as the determinants driving preference for transversus para-cellular routes is necessary. Another important goal will be to more systematically assess the relative usage of para-and trans-cellular routes in distinct tissues and settings in vivo. Such mechanistic and route usage information will be critical for a complete understanding of leukocyte trafficking and for the development of effective anti-inflammatory therapeutics that target diapedesis.
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